Photooxidative destruction of chloroplasts by exposure of norflurazon-treated cucumber (Cucumis sativus L.) seedlings to white light leads to reduced levels of the nuclear-encoded, peroxisomal enzyme hydroxypyruvate reductase. The partial reduction in hydroxypyruvate reductase activity under photooxidative conditions is accompanied by reductions in levels of hydroxypyruvate reductase protein and transcript. The low level of hydroxypyruvate reductase gene expression in the dark is not affected by norflurazon, and nonphotooxidizing far-red light is able to induce significant increases in hydroxypyruvate reductase expression even in the presence of norflurazon. We conclude that intact plastids are required for maximal expression of hydroxypyruvate reductase in the light and that the plastids affect hydroxypyruvate reductase gene expression at a pretranslational level.
HPR2 is one of several photorespiratory enzymes localized in leaf peroxisomes. It catalyzes the conversion of hydroxypyruvate to glycerate, with the oxidation of NADH. The expression of the gene encoding HPR (25) is highly regulated during development and by light in cucumber (Cucumis sativus L.) (15) (16) (17) . Expression is undetectable early in seedling development, but HPR transcripts and activity first appear at approximately the third day after germination (day 3) and increase to high levels by day 5 in the light (16, 17) . This period coincides with the metabolic transition in the cotyledons from heterotrophy to autotrophy (30) . In the dark, transcripts and activity also appear on day 3 but do not accumulate to high levels (16, 17) . Light cannot cause an increase in HPR gene expression until after this initial lightindependent expression has occurred (17) . Photosynthetically active tissues such as leaves and cotyledons contain high levels of HPR mRNA, whereas expression has not been detected in roots (15) . These patterns of expression are similar to those for several other photogenes, including the genes encoding ' This work was supported in part by National Science Foundation grant DCB-90040 13 to W.M.B. and by a National Institutes of Health traineeship to B.W.S.
2Abbreviations: HPR, NADH-dependent hydroxypyruvate reductase (EC 1.1. 1.29); NF, norflurazon; FR, far-red; WL, white light. the small subunit of Rubisco and the Chl a/b-binding protein, which are localized in the chloroplast and are involved in photosynthesis (18, 29) .
Expression of many photogenes is correlated with the presence of mature chloroplasts in the cell (10, 21, 26) , suggesting that chloroplasts may be involved in regulating expression of these genes. Indeed, chloroplasts are necessary for proper expression of several nuclear genes that encode plastid proteins (reviewed in refs. 22 and 27) . Chloroplasts exert this effect on some photogenes at the level of transcription (3, 8, 12) . These findings support the hypothesis that a factor originating in the chloroplast interacts directly or indirectly with nuclear genes to effect positive regulation of their expression (6, 9, 22, 27) .
Chloroplasts are also necessary for proper expression of some nuclear-encoded extraplastidic enzymes involved in biochemical pathways closely associated with plastid metabolism. These include the cytosolic enzyme nitrate reductase (5), which is involved in nitrogen metabolism, and the peroxisomal enzymes glycolate oxidase and HPR (2, 13, 14) , which are involved in photorespiration. Nitrate reductase transcript levels are reduced in the absence of intact chloroplasts, demonstrating that the chloroplasts exert their influence on this gene at a pretranslational level (23) . The level at which a putative chloroplast factor affects expression of genes encoding glycolate oxidase and HPR was not previously known.
The availability in our laboratory of antibodies (28) and nucleic acid probes (16) specific for HPR has allowed us to address this question for cucumber cotyledons. We used the herbicide NF (4-chloro-5-(methylamino)-2-(a,a,a-trifluorom-tolyl)-3-(2H)-pyridazinone; Sandoz 9789) to induce photooxidative destruction of chloroplasts in WL (22, 24, 27) . NF inhibits synthesis of carotenoid pigments that protect Chl from photobleaching in strong light. In photobleached chloroplasts, Chl content is greatly reduced, as are plastid rRNAs, mRNAs, and proteins (14, 20, 24) . The primary effects of photooxidation are confined to the plastids. The cytosolic ribosomes and rRNAs remain intact, as do most mRNAs and proteins of the cytosol (4, 19, 24 
MATERIALS AND METHODS
Cucumber (Cucumis sativus L., cv SMR 18) seeds were germinated, and seedlings were grown as described previously (16) Chl content was measured spectrophotometrically to determine the extent of Chl photobleaching in each treatment. We determined the extent of plastid photodestruction by examining the effect of each treatment on plastid rRNAs. Exposure of NF-treated seedlings to FR light for 24 h did not result in significant damage to plastid rRNAs (23S and 16S; small arrows in Fig. 2) . However, exposure of treated plants to 24 h of WL resulted in complete destruction of plastid rRNAs, whereas cytosolic rRNAs (25S and 18S; large arrows) were not affected. These results indicate that photodamage to plastids of NF-treated plants by WL was extensive, whereas damage to plastids by FR light was minimal. Figure 3 shows the effect of photooxidation of plastids on HPR activity and protein. Plants By the end of day 3 in the light, HPR protein and activity had increased significantly above dark levels (relative to total protein) in the presence of NF, but levels still were not as high as untreated controls. Therefore, NF results in a significantly smaller and later increase in HPR protein and activity in response to light but apparently does not affect expression in the dark.
Effects of NF Treatment on HPR Protein and Activity Levels in Light and Darkness

Effects of NF on Accumulation of HPR Transcripts following Light Treatments
Cucumber seedlings were grown in darkness in the presence or absence of NF for 5 d and were then either left in darkness, transferred to FR light, or transferred to WL for an additional 24 h. Cotyledons were harvested after 2 and 6 d for each treatment, and HPR and ubiquitin transcript levels were determined by RNA gel blot analysis (Fig. 4A) . Ubiquitin transcripts are not greatly affected by these treatments and were therefore used to normalize the HPR transcript levels to account for possible differences in loading (see "Materials and Methods"). The normalized data are presented in Figure 4B . HPR transcripts were not detected in cotyledons of 2-d-old plants (data not shown). Transcripts were present at a low level at the end of day 6 in the dark in both treated and control plants, indicating that the light-independent increase in expression was not affected by NF. Both FR and WL were effective in stimulating a four-to fivefold increase in HPR transcript levels in control plants. In the presence of NF, however, exposure to WL greatly reduced HPR transcript levels. NF inhibited the induction of HPR transcripts by FR light to some extent, but transcript levels were still significantly above dark levels. Thus, both the light-independent increase in HPR transcript levels between days 2 and 6 and the light-dependent increase can occur in the presence of NF in the absence of photobleaching. The reduction in HPR gene expression, therefore, correlates primarily with photooxidative destruction of plastids and probably is not the result of a general pharmacological effect of NF.
DISCUSSION
Photooxidation of chloroplasts causes a reduction of some leaf peroxisomal enzyme activities (HPR and glycolate oxidase) in rye leaves (13, 14) and mustard cotyledons (2, 24) . The apparent association of leaf peroxisomes with chloroplasts has led some authors to suggest that the reduction in peroxisomal enzyme activities results from photooxidative damage transferred from chloroplasts to peroxisomes through contacts between closely appressed membranes of the two organelles (13, 24) . Bajracharya et al. (2) argued against this interpretation, noting that peroxisomes of photobleached mustard cotyledons showed no signs of photooxidative damage at the ultrastructural level. Furthermore, other activities localized in peroxisomes were not deficient after photooxidative destruction of chloroplasts (2) . Moreover, treatments that inhibited plastid development in the absence of photooxidation were also able to suppress peroxisomal enzyme activities. Based on these findings, Bajracharya et al. (2) suggested that the effect of chloroplast photobleaching on peroxisomal enzyme activities is probably indirect and may result from the elimination of a signal emanating from plastids and regulating synthesis of peroxisomal enzymes.
Here we report that photooxidative destruction of chloroplasts partially suppresses HPR activity and protein levels in cucumber cotyledons and that an even greater decrease in HPR mRNA accompanies these reductions in activity and protein. The effect of NF on HPR expression is clearly dependent on photooxidation of the chloroplasts. NF did not affect the light-independent increase in expression between days 2 and 6. Furthermore, a significant light-dependent increase in expression could be produced by a treatment with FR light that did not cause photodestruction of the chloroplasts. Our findings support the hypothesis of Bajracharya et al (2) that the effect ofchloroplast disruption on peroxisomal enzyme activity is indirect.
Our results do not exclude the possibility ofdirect photooxidative damage to peroxisomal enzymes. However, the effect of photooxidation on HPR transcript accumulation strongly suggests that disruption of chloroplasts prevents increased HPR synthesis in response to light rather than stimulating the destruction of HPR in peroxisomes. Moreover, the observation that photooxidation can lead to a decrease in HPR transcript levels below that of dark-grown cotyledons (Fig. 4) implies that plastids may also be necessary for the maintenance of low levels of HPR expression in the dark. Our results and those of others implicate plastids in the pretranslational regulation of a group of nuclear genes that encode proteins closely associated with plastid metabolism. These include proteins located in the plastids themselves, as well as proteins located in the cytosol and peroxisomes. The nature of the putative plastid-derived factor(s) that accomplishes this regulation is not known (22, 27) . Additional physiological and molecular characterization of these systems should determine whether the same or different signals regulate all of these classes of genes.
